Abstract. Experimental and numerical simulation of heat transfer and flow regimes for vertical flow across horizontal tubes are presented for mass flow rate in the range 0.03 -0.17 kg/s and heat fluxes in the range 1.07-1.35 kW/m 2 . The tubes had a diameter of 9.75 mm and a pitch to diameter ratio of 1.85. The CFX version 14.0 from ANSYS was used to predict the flow regimes and the temperature distribution in the tube bundles. These data and the predictions from numerical simulation were compared with the data available in the literature. It is found that the circulation zone in the shell becomes bigger as the mass flow rate is increases. The flow patterns identified in this experiment are bubbly, intermittent and annular flow. These data agrees well with the published data.
Introduction
This study was initiated to support previous studies of kettle reboilers [1] [2] [3] [4] . A heat exchanger is a piece of equipment built for efficient heat transfer from one medium to another. It is a device that allows heat energy in one process fluid to pass to another process fluid in controlled manner. The two fluids or gas may be separated by a solid wall, so that they never mix, but they can be in direct contact. Therefore, heat exchanger is one of the most important devices in industrial process. They are widely used in space heating, refrigeration, air conditioning, power plants, petroleum refineries and natural gas processing.
Observation of different flow regime for two-phase gas-liquid flow was made as early as 1954 by [1] . There were several flow patterns were observed; bubble, slug, plug, annular, stratified, spray and wavy. These patterns were distinguished using superficial gas and liquid velocities. [2] investigated two-phase flow regimes during condensation of R-134a in circular (D = 4.91mm), square (1 < Dh < 4 mm) and rectangular (2x4, 4x2, 4x6 and 6x4 mm) tubes. They used high speed video recording and observed four major flow regimes: intermittent, wavy, annular and dispersed. This four flow regimes is then subdivided into several flow patterns. Two-phase flow phenomena were investigated by [3] using boiling R113 and n-pentane in a 241-tube thin slice kettle reboiler. Two versions of the one-point-five-dimensional model were develop as part of this study. The first, 1.5DP model was developed to predict flow distribution that occur when the static liquid pressure distribution surrounds the tube bundle. The second, 1.5DT model is to show the effect of flow regime change on the vertical pressure distribution in the columns. During the experiment, the pressure drop measurements were collected using a data acquisition system and flow regimes were observed using high speed camera. The effect of oil viscosity on the flow pattern and pressure drop was investigated by [4] . The two fluids oil and water are allowed to enter the test section via Y likejunction. The presence of oil will reduce the effect of mixing. The flow patterns identified in this experiment are classified into six patterns namely; stratified (stratified smooth, and stratified wavy), bubbly, dual continuous, annular, dispersed oil in water and dispersed water in oil. Stratified flow appeared at low oil and water velocities because at these velocities gravity force dominated while momentum instabilities were minimal.
Many had investigated the flow regimes, vector velocity, mass flow rate and heat transfer rate in the heat exchanger. These parameters play an important role in determining the best heat exchanger design. Therefore, the objective of this paper is to investigate the flow phenomenon in a shell and tube heat exchanger to improve the heat exchanger design. The experimental and numerical study of the horizontal shell and tube heat exchanger were successfully conducted. The flow regime and heat transfer rate were investigate using experimental work. The vector velocity, heat transfer and temperature distribution were studied using a CFD.
Experimental work and CFD Modeling
Shell and tube heat exchanger consists of a shell with a bundle of tubes inside it. The cold fluid flows in the shell and it is being heated by a hot fluid flows through the tube. The internal diameter of a shell is 85 mm. The tube is 9.75 mm and in a triangular arrangement. The working fluid is water. Fig. 1(a) shows the shell and tube heat exchanger apparatus. The experiment was done by using water as a working fluid with a temperature of 25˚C for cold fluid and 70˚C for hot fluid. The heat transfer in the shell of heat exchanger is measured using a digital thermometer that located at the control panel. Five reading were taken which is different in mass flow rate, 0.03 kg/m 2 , 0.07 kg/m 2 , 0.10 kg/m 2 0.13 kg/m2, 0.17 kg/m 2 . Meanwhile, the flow regimes were captured using DSLR camera with 30 frames per second.
The flow is simulated over ten tubes in the flow direction to ensure fully developed flow is achieved. The kettle reboiler was created in DesignModeler. Two dimensional model for the kettle reboiler was produced in CFX-PRE using water-only bundles. The kettle reboiler model is shown in Fig. 1(b) . The meshing gave a total of 182,000 nodes and had 973,000 elements that consisted of tetrahedron. The tubes were set to solid surfaces with no slip. The opening boundary condition at the top of the bundle was set to atmospheric pressure and the inlet shell boundary was set to a mass flow rate in a range of 0.03 kg/s to 0.17 kg/s. The temperature in the shell was set to 25°C. The tubes inlet was set to 0.2 kg/s and the temperature was set to 70°C. The k-epsilon model was chosen for the turbulence model and the numerical accuracy was set to first order. The simulation was run until the residual of the pressure and velocities were less than 0.00001. 
Results and Discussion
In the Fig. 3(a) , which is inside the shell of the heat exchanger, there is a numerous bubbles observed as the fluid is dispersed in the form of discrete bubbles in the continuous liquid phase. The bubbles observed contain variety of size and shape but they are typically nearly spherical and the bubble itself are much smaller than the diameter of the tube. This observations is similar to the work of [2] . The formation of plug flow can be catagorized as a intermittent flow regime which is happens due to the discontuinity in liquid and vapor. This flow regime has a are seperated by an elongated gas bubbles. The dimeter of the elongated bubbles are smaller than the tube such that the liquid phase is contimous along the bottom of the tube. Fig. 3(b) shows the formation of plug flow. The formation of annular flow also affected by a shell diameter. If the diameter of the shell is 
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decreased, the size of this flow regime is increased. The liquid is expelled from the center of the tube as flows as a thin film around the wall when the interfacial shear of the high velocity gas on the fluid becomes dominant over gravity. This type of flow is also observed in previous study by [2] . However, in this experiment, annular flow cannot be observed. It is shown that as the mass flow rate increase, the heat transfer rate is also increases. This is due to the more rapid mixing between the tubes that allow more heat transfer between the hot fluid and cold fluid. Fig. 4(b) shows the velocity vectors for the bundle. The fluid flow is high in the main stream and follow a more torturous path. As the fluid flows past the tubes, which was set to no slip at the wall, the fluid decelerates near the tube surface and creates a thin layer, called the boundary layer, due to viscous effects. The flow is attached to the tube surface until the formation of a wake, evident to the rear of the tube, where some of the fluid is flowing backward against the main flow.
The maximum velocity occurs at θ = 90°. Near θ = 180°, the velocity is at a minimum or zero. This is where the circulation happens. The flow re-attaches at the front of the tube. The formation of circulation occurs at the end of the shell and the region near the tube. It occurs due to the strong downward flow exists due to the shell and the wall. As the mass flowrate decrease, the formation of circulation is less. This is because of the increase in water velocity will result in faster and less circulation to occur. In practice, as the heat flux is increased, the mean density of the fluid in the shell reduces.
The velocity vectors for kettle reboilers are made comparison to [3] . The separation and reattachment flows are shows agree well wih the prediction. Re-circulation flow is formed in every vertical minimum gap between the tubes and is formed at the top of the tubes, as shown in Fig. 4(b) . As the heat fluxes increases, the water also creates a significantly bigger re-circulation zone in the shell. The velocity vector are almost similar to those obtained in [3] . The circulations at the tube bundle region are more intense as the mass flux increases. As the mass flux decreases, the formation of circulation tend to be less to occur, and this is agreed well with [3] . At low heat flux, the driving force for recirculation is the head of liquid at the edge of tube bundle. 
Conclusion
The flow patterns observed in this experiment are bubbly, intermittent and annular flow as being expected. As the heat fluxes increases, the water also creates a significantly bigger re-circulation zone in the shell. These formations of circulations are important in heat exchanger devices because of it can produce a higher mean temperature difference. This will lead to better mixing in the shell and helps to transfer the most heat from the heat medium in the heat exchanger. It can be concluded that the best configuration to transfer a large amount of heat is by increasing its mass flow rate as well as heat flux. Therefore, the study of flow phenomenon and other mechanistic parameter for other working fluid and geometry is warranted.
